A novel methodology of the mode conversion between rectangular TE 10 and TE 20 mode based on the H -plane T-junction power dividing network is proposed in this paper. A mode converter operating in the H -band (220-325 GHz) was analyzed and designed. To decrease the port reflection caused by the T-junction discontinuity, a septum and two symmetric irises were introduced in the converter. Two identical rectangular TE 20 mode converters joined back-to-back were manufactured by Nano-CNC machining and the electromagnetic properties were measured by using a vector network analyzer. A bandwidth of 228.8-293.1 GHz (64.3 GHz) for transmission coefficient S 21 around −1.0 dB and port reflection S 11 around −15.0 dB was measured. The measured results were in good agreement with the simulated ones and manifested high mode conversion efficiency.
I. INTRODUCTION
Vacuum electron devices based on high-order overmoded (HOOM) planar slow wave structures (SWSs) are promising terahertz radiation sources due to the large structural dimension, high electron beam current, and high power capacity [1] - [4] . Several kinds of TE 20 mode (here the symbol represents the rectangular waveguide) planar SWSs, including a ridge-loaded double staggered grating waveguide [3] and a photonic crystal-loaded folded waveguide [4] , have been explored. A TE 20 mode converter, which is used to convert the fundamental TE 10 mode to the desired TE 20 mode, is necessary for the cold test of a TE 20 mode SWS. To accurately measure the electromagnetic properties of the TE 20 mode planar SWS, the TE 20 mode converter should have high mode conversion efficiency, low port reflection, broad frequency bandwidth and flat transmission response. Generally, a good structural performance with compact configuration and easiness of manufacture is also desired. In additional to the aforementioned application in the TE 20 mode planar SWSs, the TE 20 mode converter could also be The associate editor coordinating the review of this manuscript and approving it for publication was Yongle Wu . used as an intermediate transformer in the circular waveguide mode launchers [5] - [7] , for instance the Marie-type converter [7] . Furthermore, it could be used in the out-of-phase power dividers [9] - [10] .
Several kinds of techniques to excite the TE 20 mode were reported in the previous literatures. (1) One of the classical techniques is by using a mode converter with a 90 • -rotation between the wide sides of the input and output waveguides [7] - [9] , as shown in Fig. 1(a) . The TE 10 -TE 20 mode intermediate transformer used in the Marie-type converter adopted such a technique [7] . A Ka-band TE 01 -TE 20 mode converter based on the similar technique achieved a conversion efficiency of >97.5% in a fractional bandwidth of 30.3% [9] . However, it is not easy for such a technique to extend to higher-order modes. (2) Another common technique to excite the TE 20 mode is by bending the H -plane of the input and output rectangular waveguide to a certain angle [10] - [12] , as shown in Fig. 1(b) . A TE 10 -TE 20 mode converter based on an H -plane waveguide bend with metallic posts achieved a conversion efficiency of >99% in a fractional bandwidth of ∼12.0% [10] . Two types of TE 20 -TE 10 mode converters, based on H -plane dual-bend and tri-bend rectangular waveguides, achieved a conversion efficiency of >95% in a fractional bandwidth of 12.8% and 10.3%, respectively [12] . (3) Another methodology to excite the TE 20 mode was based on a coupling aperture [5] , [6] , as shown in Fig. 1(c) . A Q-band mode converter based on such a methodology achieved an average mode conversion efficiency of over 97% in a frequency bandwidth of ∼5 GHz, corresponding to a fractional bandwidth of 10.3% [5] . A TE n0 mode exciter was designed by using a similar methodology [13] . In some instances, it is desired that the input and output ports of the mode converter are aligned on the same axis [14] . Unfortunately, the coupling aperture [5] , [6] , and H -plane waveguide bend [10] , [11] based mode converters could not satisfy such a requirement.
In this paper, a novel methodology for the TE 10 to TE 20 mode conversion by using an H -plane T-junction is proposed. The rectangular waveguide T-junction is classical in the microwave engineering, which is widely used in many applications, such as the power divider [15] , the multiplexer [16] , and the feed networks of waveguide antenna arrays [17] . To the best knowledge of the authors, the rectangular waveguide T-junction is for the first time used to construct a mode converter. Such a kind of mode converter possesses several advantages: 1) it could achieve high conversion efficiency and low port reflection in a wide frequency range, 2) it has a relatively compact and easy-to-machine configuration, 3) the center axes of the input and output port are aligned, 4) it is easy for such a structure to extend to higher-order modes. To verify the idea, two identical H -band (220-325 GHz) TE 20 mode converters joined back-to-back were machined and measured. Different from the aforementioned mode converters, the mode converter designed in this work operated in the terahertz band rather than the microwave and millimeterwave band. The geometrical dimensions became smaller with a micrometer-order. A tiny deviation between the machined and designed dimensions would probably worsen the performance of the converter. Consequently, the manufacturing and assembling become increasingly challenging. More importantly, the ohmic loss caused by the surface roughness has a great influence on the transmission efficiency of the terahertz wave. In this paper, the fabrication of a terahertz band TE 20 mode converter was studied. The rest of the paper is organized as follows. The mode conversion principle and the design of a TE 20 mode converter are described in section II. Section III presents the machining and measurement of two TE 20 mode converters joined back-to-back and makes discussions of the measured results. Finally, the paper is summarized in section IV.
II. DESIGN AND ANALYSIS A. THEORETICAL ANALYSIS OF THE MODE CONVERTER
The TE 20 mode converter proposed in this paper is based on a 2-way power dividing network. As shown in Fig. 2 , the 2-way power dividing network consisted of a main branch waveguide (MBW), two vice branch waveguides (VBWs), an H -plane T-junction and three ports. The cross sectional dimensions of the two VBWs and the MBW are the same. Chamfering of the corners in the VBWs is to reduce the reflection caused by the corner discontinuity.
A few methods for characterizing the rectangular waveguide T-junction have been developed, including the three plane mode-matching technique [16] , the boundary-element method [18] , and the Y-parameter method [19] . Hence, the theoretical analysis focus on the mode conversion mechanism. To simplify the theoretical analysis, the electromagnetic wave (EM-wave) in the device was assumed to propagate along the central line of the branch waveguide, as denoted by the dashed curve in Fig. 2 . The effect on the phase property from the corner chamfering was neglected. As well known, an obvious difference existing in the TE 10 and TE 20 modes is the number of the half-wavelength standingwave (1 and 2, respectively). In a TE 20 mode, the two adjacent half-wavelength standing-waves have a property with equal-amplitude and antiphase. Hence, a TE 20 mode converter could be developed from an 2-way power dividing network if the following equations were satisfied.
where Pha 1 ,Pha 2 , Mag 1 , and Mag 2 represent the phase and amplitude of the EM-wave propagating through the 1 st and 2 nd way, respectively. Obviously, a symmetrical H -plane T-junction could achieve outputs with a same phase and amplitude at the two VBWs when an EM-wave signal was injected into the MBW. As the waveguide wavelength λ g is the same for each branch waveguide, the phase condition expressed in (1) could be realized if the following equations were satisfied.
where, L 1 and L 2 respectively denote the propagation distance of the EM-wave through the 1 st and 2 nd way. λ c is the cut off wavelength. a 1 is the wide-side dimension of the waveguide, as shown in Fig. 2 . c and f are the velocity of the light in vacuum and the center frequency of the EM-wave, respectively. An overmoded waveguide (OOW) was formed if the two VBMs were joined together at the output port. As a result, the 3-port power dividing network would turn into a 2-port mode converter, and a TE 20 mode could be obtained at the output port if (1)-(2) were satisfied. It should be noted that a TE n0 (n = 3, 4, 5. . . ) mode could also be achieved by using a n-way power dividing network and the theoretical analysis was similar.
B. DESIGN OF AN INITIAL 2-WAY POWER DIVIDING NETWORK BASED ON AN H-PLANE T-JUNCTION
A standard rectangular waveguide (WR-3, 0.864×0.432 mm) was used to construct the MBW and VBWs. Based on (3)-(5), D L0 was 0.78 mm in a 2-way power dividing network when f and p in (3) were set to be 0.26 THz and 0, respectively. It could be realized by setting the difference between d 1 and d 2 in Fig. 2 (D d ) to be 0.39 mm. Based on the aforementioned analysis, an initial 2-way power dividing network was simulated by using the CST-Microwave Studio (CST-MWS) [20] , as depicted in the inset of Fig. 3(a) . It was shown that it achieved a power dividing with approximately equal amplitude and antiphase over a wide frequency band. As shown in Fig. 3(b) , the frequency corresponding to the phase difference between S 21 and S 31 of 180 • (f _180 • ) was 261.4 GHz when D d was set to be the designed value, i. e, 0.39 mm. The phase difference versus frequency curve was approximately symmetrical and the phase difference deviated from 180 • when the frequency departed from the symmetry center. As shown in Fig. 3(b) , the discontinuities of the phase difference versus frequency curve just occurred at the discontinuity frequencies of the phase versus frequency curves of S 21 and S 31 . As shown in Fig. 3(c) , f _180 • was shift with a change of D d . It was shown that the simulated results were in good agreement with the theoretical analysis. 
C. DESIGN OF A TE 20 MODE CONVERTER
An initial TE 20 mode converter was formed when port 2 and 3 of the 2-way power dividing network designed above were combined together. The method of loading septa and irises was widely used to lower the port reflection of the T-junction, [15] , [21] , [22] . Such a technique was introduced in the design of this mode converter. Irises and septa were intentionally added to introduce additional discontinuities so as to compensate for the discontinuity caused by the T-junction. In the equivalent circuit, they could be equivalent to a reactance, respectively. Finally, an impedance matching of the whole device at the input port was hopeful to be obtained by adjusting the dimensions of the irises and septa. Fig. 4 shows a schematic diagram of the final TE 20 mode converter, which consists of a MBW, an H -plane T-junction with two symmetric irises and one septum, two VBWs, an OOW, and two ports. The septum and irises were placed at the center of the T-junction and the end of the MBW, respectively. The heights of the MBW, VBW, OOW, septum and irises were all set to be equal to the height of the standard rectangular waveguide, i. e, 0.432 mm. The chamfering of corners in the septum and irises was also modeled to bring the model closer to the actual fabrication situation. The TE 20 mode converters under three different setups: without any septa and irises, with one septum but without irises, and with one septum and two irises, were individually optimized by using CST-MWS. The sizes of the septum (width w s , length l s , chamfering radius r i ) and iris (width w i , length l i , chamfering radii r s1 and r s2 ), the length of the auxiliary arms c 1 and c 2 were optimized. The genetic algorithm and interpolated quasi-Newton algorithm were both used for the optimization. Some key optimized dimensions of the final TE 20 mode converter are shown in Table 1 . Fig. 5(a) and (b) show the optimized S-parameters of the TE 20 mode converters under three different setups. It was shown that the initial TE 20 mode converter without any Fig. 5 (b) give the E-field distribution of TE 10 and TE 20 modes, respectively. septa and irises could realize the TE 10 -TE 20 mode conversion. However, the EM performances were poor, including a high reflection and low conversion coefficient, which was mainly caused by the discontinuity of the H -plane T-junction. As shown in Fig. 5(a) and (b), the performances were greatly improved after the introduction of the septum and irises. It was found that the combination of the septum and irises provided more degrees of freedom to achieve an excellent impedance matching. As shown in Fig. 5(a) and (b) , the TE 20 mode converter with one septum and two irises achieved better performances in comparison to the one with just one septum. The finally optimized conversion coefficient of the TE 20 mode S 2(2),1(1) (The number inside the bracket indicates the index n in TE n0 modes) was better than −0.5 dB from 238.6 to 301.4 GHz (62.8 GHz, a fractional bandwidth of 23.2%). The port reflection S 1(1),1 (1) was lower than −15 dB with a wide frequency bandwidth of 100.2 GHz (39.1% fractional bandwidth) from 206. 4-306.7 GHz. Fig. 6 shows the conversion efficiency of the desired and unwanted modes, which was directly obtained from the transmission coefficient S 2(n),1 (1) as no EM-wave loss, including the ohmic loss and the EM-wave leakage, was considered in the simulation. The maximum conversion efficiency of 99.7% was obtained at 265.9 GHz. Based on the optimized dimensions in Table 1 , the theoretical value of the frequency with a maximum conversion efficiency was calculated to be 262.9 GHz by using (3)- (5) . Such a 3.0-GHz-shift was acceptable, which was probably attributed to the neglecting of the effects on the phase property from the septum and irises and the chamfering of the corners in the theoretical analysis.
As shown in Fig. 6 , the bandwidth for the TE 20 -mode conversion efficiency over 95% was up to 37.5 GHz (a fractional bandwidth of 14.0%). The level of the unwanted modes, for instance TE 10 , TE 30 and TE 40 mode, were small over that frequency band. When the operating frequency deviated from that frequency band, the TE 20 -mode conversion efficiency decreased and the TE 10 mode became the most important competing mode. This was due to the fact that the deviation of the frequency would make the phase difference of the EM-waves in the two VBWs deviate from 180 • and approach to 360 • . Such a variation trend was in good agreement with the phase difference curve shown in Fig. 3(b) . The bandwidth could probably be further improved by introducing a 180 degree phase shifter. However, it would lead to a relatively complicated configuration and thus increase the fabrication difficulties. In this work, a compromise between the electrical and structural performances was made. No 180 degree phase shifters were added in the mode converter as the electrical performances were good enough to realize the cold test of the HOOM planar SWSs. Table 2 shows the performance comparisons between different methodologies for TE 10 -TE 20 mode conversion. The description of the methodologies to excite TE 20 mode in references [5] , [9] , [10] , [12] could be seen in section I of this paper. It could be found that the terahertz band TE 20 mode converters proposed in this paper achieved good electrical and structural performances, including high conversion efficiency, broad frequency bandwidth, compact configuration, planar structure with aligned ports, and good expansibility to higher-order modes.
III. FABRICATION, MEASUREMENT AND DISCUSSION
To verify the methodology and simulations, the back-toback measurement for the mode converters was used [5] , [6] , [23] , [24] . Two identical TE 20 mode converters joined backto-back through an overmoded rectangular waveguide were machined from two brass blocks. To reduce the assembling errors, the two converters were machined in one process as shown in Fig. 7(a) . The fabricated device consisted of two parts. As shown in Fig. 7(b) , the two mode converters were milled at the center of a rectangular alignment island on part 1. Part 2 with a matched rectangular alignment slot was used to cover part 1. The island and slot were designed to precisely mate to each other with very tight tolerances in all dimensions. The alignment island and slot also could prevent the screw holes horizontally located in the waveguide flange being cut in half, thus eliminating a bad junction between the devices and the external rectangular waveguides. To further TABLE 2. Comparisons of the calculated performances of the TE 20 mode converter proposed in this work and the previously reported references. reduce the alignment errors, four pairs of small matching rectangular islands and recesses were machined at the four corners of the two parts. To control the dimensions in a small deviation range, the two parts were both milled by a high performance computer numerically controlled (CNC) vertical machining center UVM-450C, which had a maximum rotation speed of 60,000 r/min and could provide a small surface roughness average (R a ) of 40 nm and a high machining accuracy of 2 µm.
As shown in Fig. 7(c) , a compact configuration with a size of 38 mm×27 mm×15 mm was achieved for the assembled device. A tight contact between the two parts was observed after the assembly. The images of the mode converters and the overmoded rectangular waveguide observed by an optical microscopy were respectively showed in Fig. 7(d) and (e). It was indicated that a satisfactory machining was obtained.
The ohmic loss caused by the surface roughness was taken into account by introducing the effective conductivity [25] . To estimate the effect on the performance of the back-toback mode converters from the ohmic loss, the background material was set to be a lossy metal with a variable conductivity σ in the simulation. As shown in Fig 8(a) , when a TE 10 mode was input from port 1, it firstly would be converted into TE 20 mode in mode converter 1, and then converted back into TE 10 mode in mode converter 2. As shown in Fig. 9(a) , the port reflection S 11 was almost unchanged when σ varied. However, the value of the transmission coefficient S 21 would reduce with a decrease of σ denoting a larger ohmic loss, as shown in Fig. 9(b) .
Some transmission dips with a narrow bandwidth were observed, peaking at several frequencies, such as 220.7 GHz and 293.9 GHz, as shown in Fig. 9(b) . This was probably caused by the possible resonant cavities formed between the two identical converters. As shown in Fig. 8(b) , an obvious resonant electric field was observed at 220.7 GHz. The peak level of the transmission dips would reduce when the ohmic loss became larger as illustrated in Fig. 9(b) . This was due to the fact that the ohmic loss would decrease the Q-factor of the resonant peak and weaken the resonant electric field. Besides, the transmission dips would shift when changing the distance of the two mode converters d as shown in Fig. 7(a) . Such a transmission dip was also found in the measured transmission curve of the back-to-back joined circular waveguide mode converters [5] , [6] .
A well-calibrated two-port vector network analyzer (VNA) (AV3672E, 10 MHz-67 GHz) connecting with two frequency extenders (AV3649A, 220-325 GHz) was used to measure the S-parameters. As shown in Fig. 10(a) , the assembled device was directly connected with the two frequency extenders by two WR-3 flanged rectangular waveguides. Fig. 10(b) makes comparisons of the simulated and measured results of the back-to-back joined mode converters. As shown in Fig. 10(b) , the measured S-parameter results were in good agreement with the simulations when σ was set to be 1.4×10 6 S/m. As analyzed above, the measured transmission dips, for instance at 228.3 GHz and 293.7 GHz, were probably caused by the resonance field. S 21 was around −1.0 dB over the frequency range of 228.8-293.1 GHz (64.3 GHz), corresponding to a fractional bandwidth of 24.6%. S 11 was around −15.0 dB over that frequency band. It was shown that a good transmission flatness over a wide frequency bandwidth was achieved. Considering the fact that the ohmic loss was high in the terahertz band, the measured transmission coefficient was sufficient to manifest a high mode conversion efficiency. The small deviation between the simulated and measured results was probably caused by the machining and assembling errors.
IV. CONCLUSION
A TE 20 mode converter based on an H -plane T-junction power dividing network was designed and measured in this paper. Measured results agreed well with the simulations. The measured transmission coefficient was higher than −1.0 dB and the port reflection was around −15.0 dB over the frequency range of 228.8-293.1 GHz, indicating a high mode conversion efficiency. Besides, the proposed scheme could be extended to higher-order modes by increasing the ways of the power dividing network. A TE n0 (n = 2, 3, . . .) mode converter is hopeful to be realized by using an n-way power dividing network. To satisfy the applications with a wider bandwidth requirement, the use of 180 degree phase shifter is a probable method. Studies showed that the proposed methodology was competitive owing to the high conversion efficiency, low reflection, broad bandwidth, and easy-to-fabricate configuration. More importantly, the successful experiment contributed to significant advances of the fabrication of terahertz devices and the research of vacuum electron devices based on HOOM SWSs.
